The O antigen (Oag) component of lipopolysaccharides (LPS) is crucial for virulence and Oag chain-length regulation is controlled by the polysaccharide co-polymerase class 1 (PCP1) proteins. Crystal structure analyses indicate that structural conservation among PCP1 proteins is highly maintained, however the mechanism of Oag modal-chain-length control remains to be fully elucidated. Shigella flexneri PCP1 protein WzzB SF confers a modal-chain length of 10-17 Oag repeat units (RUs), whereas the Salmonella enterica Typhimurium PCP1 protein WzzB ST confers a modal-chain length of~16-28 Oag RUs. Both proteins share >70 % overall sequence identity and contain two transmembrane (TM1 and TM2) regions, whereby a conserved prolineglycine-rich motif overlapping the TM2 region is identical in both proteins. Conserved glycine residues within TM2 are functionally important, as glycine to alanine substitutions at positions 305 and 311 confer very short Oag modal-chain length (~2-6 Oag RUs). In this study, WzzB SF was co-expressed with WzzB ST in S. flexneri and a single intermediate modal-chain length of 11-21 Oag RUs was observed, suggesting the presence of Wzz:Wzz interactions. Interestingly, co-expression of WzzB SF with WzzB G305A/G311A conferred a bimodal LPS Oag chain length (despite over 99 % protein sequence identity), and we hypothesized that the proteins fail to interact. Co-purification assays detected His 6 -WzzB SF co-purifying with FLAGtagged WzzB ST but not with FLAG-tagged WzzB G305A/G311A , supporting our hypothesis. These data indicate that the conserved glycine residues in TM2 are involved in Wzz:Wzz interactions, and provide insight into key interactions that drive Oag modal length control.
INTRODUCTION
Lipopolysaccharides (LPS) are a significant virulence factor for members of the Enterobacteriaceae family which includes Shigella flexneri. The three regions that comprise LPS are: 1) the lipid A membrane anchor, 2) the core sugar region and 3) the O antigen (Oag) polysaccharide chain (Raetz & Whitfield, 2002) . The basic repeat unit (RU) of S. flexneri Oag chains consists of three rhamnose sugars and an N-acetylglucosamine sugar. Previous studies have identified an association between Oag modal-chain length and S. flexneri virulence (Hong & Payne, 1997; Van Den Bosch et al., 1997; Van Den Bosch & Morona, 2003) , but more specifically, illustrate that loss of regulated wild-type LPS Oag modal-chain length results in masking of an important outer membrane virulence protein IcsA (Van Den Bosch et al., 1997; Van Den Bosch & Morona, 2003) , and has an effect on S. flexneri's ability to resist complement and colicin E2 DNase (Tran et al., 2014) .
Synthesis of the S. flexneri Oag is carried out by the Wzydependent polymerization pathway (Morona et al., 2009; Raetz & Whitfield, 2002; Samuel & Reeves, 2003; Tocilj et al., 2008) . Oag RU synthesis initially occurs on the cytoplasmic face of the inner membrane. This is followed by consecutive sugar-transferase reactions that lead to the assemblage of the RUs on the lipid carrier, undecaprenol phosphate (Und-P). These assembled units are then transported to the periplasmic face of the inner membrane by the Wzx flippase, where polymerization of LPS Oag RUs is catalysed by the Wzy polymerase to link the individual units into a chain. This nascent chain is transferred from the Und-P to the non-reducing end of the newly flipped RU, which is then ligated to the lipid-A core by the ligase WaaL (Raetz & Whitfield, 2002; Whitfield & Naismith, 2008) , and the complete LPS molecule is transported to the outer membrane via the Lpt system (Sperandeo et al., 2009 ).
Regulation of the length of Oag chains in S. flexneri is managed by the chromosomally encoded WzzB SF (Morona et al., 1994) and the plasmid-encoded WzzB pHS2 (Stevenson et al., 1995) polysaccharide co-polymerase (PCP) proteins (Morona et al., 2000; Tocilj et al., 2008) . Other members of the PCP protein family are involved in exopolysaccharide biosynthesis, capsule polysaccharides and regulation and biosynthesis of enterobacterial common antigen. WzzB SF belongs to the subcategory of the PCP1 group, and shares >70 % overall sequence identity with WzzB proteins from Escherichia coli and S. enterica Typhimurium (WzzB ST ) (Morona et al., 2000) . Despite the similarity in sequences, WzzB SF and WzzB ST impart significantly different LPS Oag modal-chain lengths. WzzB SF confers an LPS Oag modalchain length of 10-17 RUs classified as short type (S-type), whereas WzzB ST regulates long type (L-type) chain length of 16-28 RUs. A common feature of all PCP1a proteins is the presence of two transmembrane (TM) regions, the N-terminal TM1 positioned at amino acid residues 32-52, and the C-terminal TM2 located at residues 295-315 (Morona et al., 1995) . The region between TM1 and TM2 is located in the periplasm (Morona et al., 1995) . PCPs possess highly conserved residues within and preceding the TM regions, including a proline-rich motif proximal to and partly overlapping the TM2 with a consensus sequence of 'PX 2 PX 4 SPKX 11 GGMXGAG' (Becker et al., 1995; Becker & Puhler, 1998; Morona et al., 2009) . The TM2 regions of WzzB SF and WzzB ST differ by two amino acids, and four aminoacid variations exist within the proline-rich motif; however, there is no deviation from the conserved-residue consensus (Fig. S1 , available in the online Supplementary Material).
Previous substitution-mutation studies investigating the conserved residues in and close to the TM regions have shown that they have a dramatic effect on LPS Oag modalchain length (Daniels & Morona, 1999) . A WzzB SF protein with a dual substitution of glycine to alanine at residues 305 and 311 (G305A/G311A), located in the TM2 region, resulted in a significant reduction in Oag modal-chain length, from S-type to very short (VS-type) (~2-8 Oag RUs). Similarly, a TM1 region dual mutation involving a methionine-to-threonine substitution (at residue position 32) with an isoleucine-to-cysteine substitution (at residue position 35), resulted in the same VS-type Oag chain-length phenotype (Daniels & Morona, 1999) . This mutant modal Oag chain length has also been referred to as class II type (Tran et al., 2014) . In contrast, WzzB SF proteins with single substitutions of TM2 glycine residues 305, 306, 309 and 311 to alanines had no effect on the resulting LPS Oag modalchain length, suggesting that mutation of more than one conserved TM residue may be required to affect Oag chainlength regulation. In the same study, WzzB ST was expressed in S. flexneri, and imparted L-type LPS Oag modal-chain length as expected (Daniels & Morona, 1999) .
WzzB SF has the ability to form high-order oligomers as shown by in vivo formaldehyde cross-linking (Daniels & Morona, 1999; Papadopoulos & Morona, 2010) , suggesting that oligomerization is important for function. The periplasmic domain structures of a collection of PCP proteins (that also include WzzB SF and WzzB ST ) have been solved (Chang et al., 2015; Kalynych et al., 2012; Larue et al., 2009; Tocilj et al., 2008; Kalynych et al., 2015) and shown that the protomers self-assemble into 3-8 protein oligomers. As Wzz oligomerization has been previously established, the aim of this study is to explore the underlying basis of this interaction. In this study, plasmids encoding WzzB ST , and is referred to as RMA2741. Strains were routinely grown in Lysogeny broth (10 g l À1 tryptone, 5 g l À1 yeast extract and 5 g l À1 NaCl) at 37 C with aeration for 16-18 h, subcultured 1/20 into fresh LB broth, and grown for another 4 h. Strains requiring induction were induced with 0.2 % (v/v) arabinose at the 2 h time point of the 4 h growth period.
Plasmid construction. Oligonucleotide primers were designed to amplify sequences coding for WzzB SF, WzzB ST , and WzzB G305A/G311A with an N-terminal 1Â FLAG tag and the restriction enzyme sites SacI and SmaI from wild-type S. flexneri 2457T chromosomal DNA (for wzzB SF ), pRMCD80 (for wzzB ST ) and pRMCD113 (for wzzB G305A/G311A ) (Daniels & Morona, 1999) . The primers used to amplify wzzB SF and wzzB G305A/G311A were 5¢-agggtagagctcaggagatatcttatgGACTACAAGGACGACGACGACAAGagagtagaaaataataatgtttc-3¢ and 5¢-gttacccggggagcaggtgtga-3¢, whereby the restriction enzyme sites are underlined and the incorporated FLAG tag is in capital. The primers used to amplify wzzB ST were 5¢-agggtagagctcaggagatatcttatgGACTACAAGGACGACGACGACAAGacagtggatagtaatacgtc-3¢ and 5¢-caatcccgggttacaaggcttttggcttatagc-3¢. Amplified PCR fragments were ligated into pGEMT-Easy (Promega), confirmed by sequencing, and sub-cloned into similarly digested pBAD33 (Guzman et al., 1995) to generate plasmids pFLAG-WzzB SF , pFLAG-WzzB ST and pFLAG-WzzB G305A/ G311A . The His 6 -WzzB SF encoding plasmid (also referred to as pRMCD30 in Table 1 ) was described by Daniels et al. (1999) .
DNA methods. Unless otherwise stated, plasmid constructs were extracted from E. coli DH5a or XL10-Gold (Stratagene) strains using the QIAprep Spin Miniprep kit (Qiagen). Electroporation and preparation of electrocompetent cells were as previously described .
LPS PAGE and silver staining. LPS samples and gels were prepared as described previously (Murray et al., 2003; Papadopoulos & Morona, 2010) .
SDS-PAGE and Western immunoblotting. Bacteria grown and induced as described above were harvested by centrifugation, re-suspended in 2Â sample buffer (Lugtenberg et al., 1975) and heated at 100 C for 5 min, prior to SDS-PAGE on 15 % gels for 1 h at 200 V. Western transfers were performed at 250 mA for 1 h. Protein gels were then subjected to Western immunoblotting on nitrocellulose membrane (Bio-Rad #162-0115) with either polyclonal WzzB SF antibodies (prepared by Daniels & Morona, 1999) at 1 : 500 dilution, monoclonal anti-HIS (Genscript #A00186) antibodies at 1 : 100 000 dilution, or monoclonal anti-FLAG M2 (Sigma #F1804) antibodies at 1 : 2000 dilution in 2.5 % (w/v) skim milk. Detection was performed with goat anti-rabbit or anti-mouse horseradish-peroxidase-conjugated antibodies (KPL) and chemiluminescence reagent (Sigma). BenchMark protein ladder (Invitrogen) was used as the molecular mass standard.
Co-purification assay. Bacteria were grown and induced as described above in 100 ml, harvested by centrifugation (9800 g, 10 min, 4 C, Beckman J2-21M Induction-Drive Centrifuge) and resuspended in 8 ml of 10 mM HEPES 1 mM -1 MgCl 2 . Cells were then sonicated, re-centrifuged (to remove cell debris), and whole-membrane pellets were collected by ultracentrifugation (126 000 g, 1 h, 4 C, Beckman Coulter Optima L-100 XP Untracentrifuge). Pellets were solubilized in 400 µl 50 mM Tris (pH 7.5) containing 1 % n-dodecyl b-D maltoside (DDM) for 30 min at room temperature, and soluble fractions were collected by re-ultracentrifugation (as above). For His-tag pull-downs, soluble fractions were mixed with 100 µl Profinity TM IMAC resin (Bio-Rad #156-0133), preequilibrated with buffer A (50 mM sodium phosphate, 300 mM NaCl, 0.02 % DDM, pH 8) for 2 h at room temperature. The resin was then washed once with buffer A, containing 20 mM imidazole (pH 8.0); once with buffer A, containing 30 mM imidazole (pH 8.0); once with buffer A, containing 40 mM imidazole (pH 8.0) and then eluted with 100 µl of buffer A, containing 250 mM imidazole (pH 8.0). For FLAG-tag pulldowns, soluble fractions were mixed with 100 µl anti-FLAG M2 agarose (Sigma #A2220) pre-equilibrated with buffer A (as above) for 2 h at room temperature, washed four times with buffer A, and eluted with 100 µl of buffer A containing 100 µg ml À1 FLAG peptide (Sigma #F3290). Eluted proteins were re-suspended 1 : 1 in 2Â sample buffer (Lugtenberg et al., 1975) and~5 samples were analysed by SDS-PAGE on 15 % gels. Gels were stained with Coomassie Blue to visualize protein bands and Western immunoblotting to detect interacting proteins was carried out as described above. Protein-sequence alignments show that with the exception of two amino-acid residues at positions 299 and 308 (indicated by the blue stars), the sequences of the TM2 regions of WzzB SF and WzzB ST are conserved (Fig. S1 ). In particular, the TM2 glycines are identical (Fig. S1) (Tran et al., 2014) (Fig. 1a, lane 7) . While S. flexneri Y co-expressing wildtype WzzB SF and WzzB ST conferred a single intermediate Oag modal-chain length of~11-21 Oag RUs (Fig. 1a, lane 3) .
The LPS Oag modal-chain lengths conferred by a S. flexneri mutant Wzz protein harbouring glycine to alanine substitution at positions 305 and 311 (to give WzzB G305A/G311A ) was then investigated. The locations of the TM2 glycines mutated in WzzB G305A/G311A are indicated by the red arrows in Fig. S1 . In the absence of wild-type WzzB SF , S. flexneri Y wzz :: kan R expressing WzzB G305A/G311A conferred VS-type (2-8 Oag RUs) as previously shown (Tran et al., 2014) (Fig. 1a, lane 6) . However S. flexneri Y expressing both wild-type WzzB SF and WzzB G305A/G311A was shown to confer two Oag modal-chain lengths in the same strain, the S-type (10-17 Oag RUs) and the VS-type (2-8 Oag RUs) (Fig. 1a, lane 2) . Strains expressing only WzzB SF conferred only S-type (10-17 Oag RUs) as expected (Fig. 1a, lanes 1  and 5) , while S. flexneri Y wzz::kan R expressing pRMCD77 conferred non-modal Oag modal-chain length as expected (Fig. 1a, lane 4) .
Western immunoblotting with anti-Wzz antibodies detected a band consistent with the size of the wild-type WzzB SF protein (~37 kDa) from whole-cell lysates from all strains (Fig. 1b) . The WzzB ST protein is detectable with the polyclonal cross-reactive anti-Wzz antibody used in this study (Tran et al., 2014) . No band was detected for the S. flexneri Y wzz :: kan R strain carrying pRMCD77, as expected (Fig. 1b, lane 4) . It was hence hypothesized that the conserved aa-sequence identity in the TM2, shared by WzzB ST and WzzB SF, may explain the apparent interaction between the two proteins, and that the two conserved glycines mutated in WzzB G305A/G311A may be responsible for affecting its interaction with WzzB SF .
Construction and validation of pFLAG-WzzB SF , pFLAG-WzzB ST and pFLAG-WzzB G305A/G311A
To investigate the WzzB protein-protein interactions, FLAG-tag constructs pFLAG-WzzB SF , pFLAG-WzzB ST and pFLAG-WzzB G305A/G311A were made for co-purification assays with His 6 -WzzB SF . Detectable levels of FLAG-related Wzz proteins were assessed by expressing in RMA2741 (S. flexneri wzz :: kan R carrying F'lacI q ) (Fig. S2) . The LPS profiles observed for the pRMCD77 based constructs expressed in RMA2163 (Fig. 1a, lanes 4-7) were also observed here (Fig. S2a) , and a band consistent with the size of the wild-type WzzB SF protein (~37 kDa) was detected for all strains by Western immunoblotting with anti-Wzz and anti-FLAG M2 antibodies (Fig. S2b c, lanes 2-4) .
The FLAG constructs were then introduced into RMA2741 strains carrying either pQE30 or pRMCD30 (encoding for His 6 -WzzB SF ). RMA2741 + pQE30 expressing pBAD33, pFLAG-WzzB SF , pFLAG-WzzB G305A/G311A or pFLAG-WzzB ST displayed non-modal, S-type, VS-type and L-type Oag modal-chain lengths respectively, as expected (Fig. 2a, lanes 1-4) . Similarly, in the presence of His 6 -WzzB SF , co-expression with control vector pBAD33 or pFLAGWzzB SF displayed S-type Oag chain lengths as expected (Fig. 2a, lanes 5 and 6) , while the previously established bimodal Oag chain length was observed for co-expression with pFLAG-WzzB G305A/G311A (Fig. 2a, lane 7) , and a single Oag modal-chain length of~11-21 Oag RUs for co-expression with pFLAG-WzzB ST (Fig. 2a, lane 8) . Western immunoblotting also detected the expected~37 kDa bands for all strains expressing Wzz (Fig. 2b, lanes 2-9) , His 6 -WzzB SF protein (Fig. 2c, lanes 5-9) , and FLAG-tagged proteins (Fig. 2d, lanes 2-4 and 6-8) with the appropriate antibodies.
His 6 -tagged and FLAG-tagged protein copurification assay Co-purification assays were subsequently performed. Strains induced with arabinose were sonicated and proteins affinity purified via their His 6 -tags. The resulting fractions were subjected to SDS-PAGE, Coomassie staining and Western immunoblotting to detect His 6 -WzzB SF and any interacting FLAG-tagged protein. His 6 -tagged WzzB SF was detectable from all RMA2471 strains carrying His 6 -WzzB SF (Fig. 3a(i, ii) , lanes 5-9, Table 2), as expected. Western immunoblotting on the same purified samples with anti-FLAG M2 showed that FLAG-tagged proteins were only detected from RMA2741 + His 6 -WzzB SF strains, coexpressed with pFLAG-WzzB SF or pFLAG-WzzB ST (Fig. 3a(iii) , lanes 6 and 8, Table 2 ), indicating that WzzB SF can interact with itself and with WzzB ST . In contrast, no FLAG-tagged protein was detected from RMA2741 + His 6 -WzzB SF co-expressed with pFLAG-WzzB G305A/G311A (Fig. 3a(iii) , lane 7, Table 2 ), suggesting that mutation of two conserved glycines (as seen in WzzB G305A/G311A ) prevents interaction with WzzB SF (Fig. 1) , and provides direct evidence to support the hypothesis that the conserved aasequence identity in the TM2 shared by WzzB ST and WzzB SF allows interaction between the two proteins.
Reciprocal co-purification assays with anti-FLAG M2 agarose were also performed. Proteins from strains induced with arabinose (as above) and sonicated, were this time affinity purified via their FLAG-tags, followed by SDS-PAGE analysis. Coomassie Blue staining and Western immunoblotting on purified fractions showed that FLAGtagged proteins were detectable from all RMA2741 strains carrying pFLAG-WzzB SF , pFLAG-WzzB G305A/G311A and pFLAG-WzzB ST [ Fig. 3b(i, iii) , lanes 2-4 and lanes 6-8, respectively], as expected. While Western immunoblotting on the same fractions with anti-His showed protein was only detectable for strains co-expressing His 6 -WzzB SF with pFLAG-WzzB SF or pFLAG-WzzB ST (Fig. 3b(ii) , lanes 6 and 8), providing further support that WzzB SF interacts with WzzB ST , and not with WzzB G305A/G311A . 
DISCUSSION
In this study, we have investigated the LPS Oag modalchain length conferred by WzzB SF , co-expressed with the mutant variant WzzB G305A/G311A and the S. enterica Typhimurium WzzB ST . WzzB ST conferred L-type LPS Oag modalchain length as previously shown (Daniels & Morona, 1999; Tran et al., 2014) , and conferred a single Oag chain length that was slightly longer than S-type when co-expressed with WzzB SF (11-21 RUs), suggesting that WzzB ST is capable of interacting with WzzB SF . In contrast, Wzz G305A/G311A conferred a VS-type LPS Oag modal-chain length as previously shown (Daniels & Morona, 1999; Tran et al., 2014) , and displayed bimodal Oag chain length when co-expressed with wild-type WzzB SF (Fig. 1, Table 2 ). The fact, that the VS-type LPS defect conferred by Wzz G305A/G311A was not complemented by the expression of a functional wild-type WzzB SF , resulting in the presence of LPS with two modalchain lengths in one strain, suggests that the two Wzz proteins -WzzB G305A/G311A and WzzB SF -are able to function independently to confer separate modal-chain lengths. This was an interesting observation, as WzzB G305A/G311A differs from WzzB SF by only two amino acids, whereas WzzB SF and WzzB ST differ by~30 % sequence identity overall. Given these observed LPS profiles, it was hence hypothesized that an LPS Oag bimodal-chain-length distribution was conferred by two independently acting WzzB proteins, while conversely, the expression of a single LPS Oag modalchain length (in the presence of two functional WzzB proteins) was indicative of Wzz:Wzz interactions occurring.
Using His 6 -tagged WzzB SF and a combination of FLAGtagged Wzz protein constructs, co-purification assays were undertaken with IMAC resin and then with FLAG M2 agarose, to determine if either WzzB ST or WzzB G305A/G311A were co-purified alongside WzzB SF . The results indicated that WzzB SF is able to interact with WzzB ST ,as the presence of FLAG-WzzB ST was detectable in the elution fraction of purified His 6 -WzzB SF (Fig. 3a, lane 8, Table 2 ), and conversely the presence of His 6 -WzzB SF in the elution fraction of purified FLAG-WzzB ST (Fig. 3b, lane 8 , Table 2 ). In contrast, virtually no FLAG-WzzB G305A/G311A was detected in the fraction containing purified His 6 -WzzB SF (Fig. 3a , lane 7, Table 2 ), and hardly any His 6 -WzzB SF was detected in the purified FLAG-WzzB G305A/G311A fraction (Fig. 3b, lane 7 , Table 2 ), suggesting that interactions were not occurring between WzzB SF and its mutant protein derivative WzzB G305A/G311A . n/a, not applicable.
mechanism may exist to enable two competing assembly systems or mechanisms to operate simultaneously. In S. flexneri, the sequence identity shared between WzzB SF and WzzB pHS2 is~22 %, making it difficult to identify the critical elements for establishing bimodality. However, past studies we have conducted on Wzz proteins suggest that regulation of Oag modal-chain length is an overall property of the protein, and that various residues located inside the FepE oligomer (Tran & Morona, 2013) or inside the open Wzz trimer (Tran et al., 2014) , as well as residues in the TM regions (Daniels & Morona, 1999) , all appear to be important. Based on this study, we provide further evidence for the role of G305 and G311 residues in determining LPS Oag modal-chain-length regulation through potential interruption to Wzz:Wzz interactions. The two glycine-to-alanine substitutions in WzzB G305A/G311A not only drastically reduced the wild-type LPS Oag modal-chain length to 2-8 Oag RUs (Table 1) , but also seemingly appeared to inhibit or abolish effective protein-protein interactions between WzzB G305A/G311A and wild-type WzzB SF , as evident by the bimodal LPS distribution (Figs 1 and 2 ) and loss of interacting protein detection by Western immunoblotting (Fig. 3 ).
Since previous data have shown that the single mutants WzzB G305A and WzzB G311A have no effect on LPS Oag chain-length regulation (Daniels & Morona, 1999) , we speculate that it is the combination of both glycine residues, either directly or indirectly, that is involved in interactions between Wzz monomers. Alanines and glycines exhibit similar characteristics (both are small residues having nonpolar and neutral side chains), but the differences in interaction with neighbouring amino acids, or lack of interactions, may be adequate enough to affect structure and function, as observed in our experiments. It is also plausible that the glycine residues may assist positional spacing of critical amino acids directly involved in Wzz:Wzz interaction. Various studies have shown that TM glycines can fulfil several roles. For example, introductions of TM glycine residues were shown to increase the conformational flexibility of the E. coli lactose permease-membrane protein, and allow a E325D mutant to exhibit high transport activity (Weinglass et al., 2001) . While a study by Elbaz et al. (2008) mutated 12 glycines (10 of which were found in the putative TM regions) in the E. coli multidrug transporter protein EmrE, and found that Gly17 (located in TM1), Gly67 (located in TM3) and Gly90/Gly97 (located in TM4) had an effect on transporter activity (Elbaz et al., 2008) . In particular, Gly90 and Gly97 have been suggested to play a role in helix-helix packing, and as a result, changes in these positions might prevent interactions between EmrR monomers essential for function (Elbaz et al., 2008) .
There exists a high frequency of glycines in the TM domains of many membrane proteins (Javadpour et al., 1999) and the S. flexneri WzzB SF TM2 region is no exception, exhibiting 25 % glycine frequency (Fig. S1 ). Glycines do not appear to affect the secondary structure of helical TM segments but can function as molecular indentations to facilitate helix packing (Javadpour et al., 1999) . The GXXXG motif is a well-known sequence for mediating TM interactions (Russ & Engelman, 2000) and allows close contact between TM helices through van der Waals interactions (Javadpour et al., 1999; Mackenzie & Engelman, 1998) . This motif also exists in the TM2 region of WzzB SF (at aa positions 305-309) and might also facilitate TM interactions among different monomers of Wzz. The importance of tightly packed TM region GXXXG motifs in oligomer formation has also been previously suggested (Arselin et al., 2003; Jenei et al., 2009; Overton et al., 2003) , and if this motif is similarly responsible for establishing or stabilizing oligomeric Wzz structures, then it is likely that the G-to-A substitutions in the TM2 region have undermined this process. It remains plausible that the changes to G305 and G311 have resulted in Wzz G305A/G311A not being able to interact with wild-type, or preferentially interacting with its own monomers, and thus resulting in a separate Oag-processingassembly mechanism. Interestingly, wild-type S. flexneri displays bi-modal Oag-chain length as a result of WzzB SF and WzzB pHS2 , and two out of the five TM2 glycines are not conserved between the two proteins (Fig. S3 , non-conserved glycines indicated by the green stars). Similarly, wild-type E. coli and S. enterica Typhimurium display bimodal Oag-chain lengths as a result of their respective FepE and Wzz proteins, and again two out of the five glycines in the TM2 regions are not conserved between the two Wzz proteins of the same species (Fig. S3) . Taken together, conservation of glycines in the TM2 regions appears to play a significant role in Wzz interactions.
In contrast, the formation of a single LPS-Oag chain length conferred when WzzB SF and WzzB ST were co-expressed in the same strain (Figs 1 and 2) , suggests that the two Wzz proteins can interact and have some degree of compatibility. This compatibility was further supported by the presence of detectable interacting proteins by co-purification and Western immunobotting (Fig. 3) . In this case, we speculate the potential formation of a hybrid oligomer of compatible WzzB SF and WzzB ST monomers, whereby residues that maintain oligomer stability are conserved and slight differences in non-conserved residues result in an average chain-length modality intermediate between that expected from a homogenous WzzB SF or WzzB ST wild-type oligomer. Notably, all five glycines in the TM2 of both WzzB SF and WzzB ST are conserved (Fig. S1 ).
The association of residues required for oligomer stability or for the control of chain-length modality in PCP1a proteins still merits further study, but we provide some evidence here to show that two particular glycines (G305 and G311) in the TM2 of WzzB SF are important for interactions between WzzB SF monomers.
